It has recently been shown that the perception of visual features of the environment can influence thought content. Both low-level (e.g., fractalness) and high-level (e.g., presence of water) visual features of the environment can influence thought content, in real-world and experimental settings where these features can make people more reflective and contemplative in their thoughts. It remains to be seen, however, if these visual features retain their influence on thoughts in the absence of overt semantic content, which could indicate a more fundamental mechanism for this effect. In this study, we removed this limitation, by creating scrambled edge versions of images, which maintain edge content from the original images but remove scene identification. Non-straight edge density is one visual feature which has been shown to influence many judgements about objects and landscapes, and has also been associated with thoughts of spirituality. We extend previous findings on the influence of visual features on thought content, by showing that non-straight edges retain their influence on thoughts about spirituality after scene identification removal. These results strengthen the implication of a causal role for the perception of low-level visual features on the influence of higher-order cognitive function, by demonstrating that in the absence of overt semantic content, low-level features, such as edges, influence cognitive processes.
VISUAL FEATURES AND THOUGHT CONTENT
The physical environment that one is in can influence various affective and cognitive processes, such as working memory and mood (McMahan & Estes, 2015; Stenfors et al., 2019) . It has recently been shown that the physical environment can also influence thought content and valence (Lim et al., 2018; MacKerron & Mourato, 2013; Schertz et al., 2018) , which may be one pathway for these effects, as thoughts in turn can influence mood and behavior (Killingsworth & Gilbert, 2010; Pennebaker & Beall, 1986) . Interacting with natural environments, specifically, have been shown to have mental health benefits which may be related to changes in thought patterns (Mantler & Logan, 2015) . For example, brief exposures to nature are associated with decreased rumination, a maladaptive pattern of self-referential thought associated with depression (Bratman, Hamilton, Hahn, Daily, & Gross, 2015) . Several theories about the influence of different environments on cognition and affect, such as attention restoration theory (Kaplan, 1995) and the perceptual fluency account (Joye & van den Berg, 2011) , have suggested that some of this influence may be the result of visual features in the environments.
These visual features may be high-level (i.e. semantic) features (e.g., water, trees, houses, etc.). Semantic features allow you to identify a scene or object in a meaningful way, and may require prior knowledge to be informative. Certain features could apply to whole scenes, such as judgments of naturalness and aesthetic preference. In addition to these high-level visual features, low-level visual features, such as color and spatial features, have also been shown to convey semantic information (Berman et al., 2014; Oliva & Torralba, 2006) . These features also interact with higher-level visual information to influence interpretations (Ibarra et al., 2017; Kardan, Henderson, Yourganov, & Berman, 2016) . One particular feature which has been shown to influence various types of cognition is non-straight edges. For example, people prefer objects and scenes with a greater number of non-straight edges compared to straight edges (Bar & Neta, 4 VISUAL FEATURES AND THOUGHT CONTENT 2006; Kardan et al., 2015) . Non-straight paths are also rated to be more organic and engaging, and less goal-oriented than straight paths (Lockyer & Bartram, 2012; Loidl & Bernard, 2014) .
A recent set of studies (Schertz et al., 2018) found that both high-level and low-level visual features were associated with changes in thought content. The high-level visual feature investigated was perceived naturalness, and the low-level feature was non-straight edge density (NSED). In an ecological topic-modeling study it was found that visiting parks that contained higher NSED was correlated with people expressing more thoughts about related to spirituality and one's life journey (Schertz et al., 2018) . Not surprisingly, it was also found that visiting parks with higher rated naturalness was correlated with more thoughts about a topic related to "Nature" (Schertz et al., 2018 ). An experimental follow-up study was then conducted where participants saw environmental images that were independently varied on perceived naturalness and NSED. When viewing each image, participants were asked which of a series of topics from the ecological study best fit with the image. Again, it was found that the topic of Spiritual & Life Journey was chosen more for images higher in NSED, and the Nature topic was chosen more often for images high in perceived naturalness.
One limitation of those studies is that naturalness and NSED could be confounded by mediating semantic features, which could be responsible for the observed effects, meaning these effects may only be observed when NSED are viewed within a recognizable context. The studies we present here investigate this possibility by using abstract images with little to no semantic content. We created these stimuli with an edge scrambling procedure developed by Kotabe and colleagues (2016) . Using these abstract stimuli, we could examine if NSED, in the absence of overt semantic information, maintains its influence on the topic of Spirituality & Life Journey.
We predicted that higher NSED would lead to more thoughts about Spirituality & Life Journey, 5 VISUAL FEATURES AND THOUGHT CONTENT and that higher naturalness would lead to fewer thoughts about Spirituality & Life Journey. We also predicted that the Nature topic would be chosen more under both conditions of high naturalness and high NSED.
General Method and materials

Stimuli Creation
We started with the 80 images that had been used as stimuli in Study 3 of Schertz et al. (2018) . These images were from the SUN image database (Xiao, Hays, Ehinger, Oliva, & Torralba, 2010) . There were four groups of 20 images each (High/Low NSED x High/Low Naturalness), which were selected to best match on NSED, naturalness, and preference. We then used an edge scrambling process to create unidentifiable versions of the images which only preserved edge content (as in (Kotabe, Kardan, & Berman, 2016) ). In this method, we started by creating an edge map (Figure 1 , Process 1). We then created two random mask matrices, which were convolved with a median filter of size 30x40 pixels. This created patches, each having on average half 1s and half 0s, which were placed at random locations across the mask (Figure 1 Two random masks created having on average half a surface of 1s and half a surface of 0s. Process 3: Edge map is multiplied (dot product) with the two masks. Process 4: One image is flipped over the x-axis; the two images are overlaid on each other.
Procedure
Naturalness ratings were obtained for the scrambled stimuli using Amazon Mechanical Turk, through the TurkPrime platform (Litman, Robinson, & Abberbock, 2017) . Fifty participants rated all 80 of the images, using a 7-point Likert scale, in accordance with the original naturalness ratings. We first measured inter-rater reliability, as a prior study found that inter-rater reliability of perceived naturalness ratings for scrambled edge images were not high enough to be usable . Here, inter-rater consistency was determined using Shrout and Fleiss' (1979) Case 2 intraclass correlation (ICC), and was found to be ICC = .45, 95% CI [.37, .53 ]. This estimate is considered "fair" by conventional standards (Cicchetti, 1994) and could be used. The naturalness ratings of the scrambled stimuli were significantly correlated with the naturalness ratings of the original images (r = .82, p < .001).
However, the factors naturalness and NSED were no longer uncorrelated (r = .40, p < .001). As naturalness and NSED were correlated in the new ratings, presenting all 80 images in the identical procedure, and using the same logistic regression, as Study 3 in Schertz et al. (2018) (Topic ~ Naturalness*NSED + (1|Subject)) would not accurately determine independent effects of these two features on thought content. Thus, we decided to conduct two studies, each using two of the original four image groups, to investigate the main effects of a) NSED and b) naturalness on thought content separately.
In the first study, to determine the influence of NSED, participants saw the 'high naturalness + high NSED' and 'high naturalness + low NSED' image groups. Due to the range of new ratings, the perceived naturalness of these groups is statistically different (t = 3.0, p = .004).
However, we do not believe that there is a meaningful difference in naturalness between the S1 S2 S2 S1 8 VISUAL FEATURES AND THOUGHT CONTENT groups. That is, on the 7-point Likert scale, the 'high naturalness + high NSED' group mean for naturalness is 5.4, while the 'high naturalness + low NSED' group mean for naturalness is 5.1, and the group distributions greatly overlap (see Figure 2) . However, to ensure this statistical difference did not influence the results, we repeated the analysis on a subset of images which did not statistically differ in perceived naturalness (see Appendix),
In the second study, to determine the influence of naturalness, participants saw the 'high naturalness + low NSED' images and the 'low naturalness + low NSED' images. With these two groups, NSED is not significantly different, and naturalness ratings do not overlap (see Figure 2 ).
With this design we will be able to look separately at main effects for NSED (Study 1) and naturalness (Study 2).
Testing the effect of NSED on thought content (Study 1)
Method and materials Participants 100 US-based adults (64 male, 35 female, 1 other) were recruited from the online labor market Amazon Mechanical Turk, using TurkPrime (Litman et al., 2017) . Sample size was selected to match Study 3 in (Schertz et al., 2018) , which had originally been calculated as sufficient to detect a small effect. Ages ranged from 21 to 72 (M = 35.6, SD = 9.9). The median experiment duration was 8.6 minutes and participants were compensated for their participation.
All participants consented to voluntary participation using guidelines established by the Institutional Review Board of the University of Chicago.
Procedure
Participants were first shown instructions for the task. They were told there would be 40 images shown, and that for each image they were to pick a set of words that best went with the 9 VISUAL FEATURES AND THOUGHT CONTENT image. They were also told there would be attention checks during the task. While looking at each image, participants were presented a forced-choice condition with 10 word clouds. These 10 word clouds were visualizations of the topics generated during topic modeling in Study 1 from Schertz et al. (2018) , and were used in the forced-choice task of Study 3 of the same paper (see Figure 3 ). Images were 800 x 600 and presented on a white background. Each image stayed on the screen for a minimum of 6 seconds and remained on-screen until the participant selected their choice. Images were presented in random order, and all participants saw every image.
Attention checks required that the participant simply select the word cloud shown in place of an image. As described in Section 2.1.2, participants in this study saw the 20 images from 'high naturalness + high NSED' category and the 20 images from 'high naturalness + low NSED' category. 
Regression Analysis
We conducted a mixed logistic regression analysis, which allows us to take advantage of the benefits of ordinary logistic regression (McCullagh, 2018) for binomial data while also being VISUAL FEATURES AND THOUGHT CONTENT able to model random effects. Mixed logistic regression is a type of Generalized Linear Mixed Model (Breslow & Clayton, 1993) which allows for binary dependent variables, and binary or continuous independent variables. In mixed models, dependent variables are predicted with a linear combination of fixed and random effects. Here, we accounted for subject level differences in topic selection by modeling subject as a random effect, which makes it more suitable than a chi-square test. All models were run in R, using the glmer function from the lme4 library (Bates, Mächler, Bolker, & Walker, 2014) .
Results
Guided by the results of Schertz et al. (2018) Study 3, we ran logistic regression models predicting the selection of the "Spiritual & Life Journey" and "Nature" topics. In each model, NSED was the independent variable, with subject as a random intercept. For the "Spiritual & Life Journey" topic, NSED had a significant effect, while results were not significant for the "Nature" topic (see Table 1 ). Participants were 1.45 times more likely to choose "Spiritual & Life Journey" for images high in NSED (Odds Ratio (OR) 95% CI [1.2, 1.8]). These results held when we repeated the analysis using the naturalness-matched subset of images (see Appendix). Note. Δ AIC and X 2 values are based on comparison of full model to null model with grand mean and random intercepts for subjects as predictors (DV ~ 1 + (1|Subject)) VISUAL FEATURES AND THOUGHT CONTENT
Testing the effect of Naturalness on thought content (Study 2)
Methods and materials Participants 100 US-based adults (65 male, 35 female) were recruited from the online labor market Amazon Mechanical Turk, using TurkPrime (Litman et al., 2017) . Sample size was selected to match Study 3 in Schertz et al. (2018) , which had been calculated as being sufficient to observe a small effect. Ages ranged from 21 to 70 (M = 37.8, SD = 11.1). The median experiment duration was 8.9 minutes and participants were compensated for their participation. All participants consented to voluntary participation using guidelines established by the Institutional Review Board of the University of Chicago.
Procedure
The same procedure was used as in Study 1. In this study, the two groups of images used were the 'low naturalness + low NSED' category (20 images) and the 'high naturalness + low NSED' category (20 images), for a total of 40 images. As shown above (section 2.1.2), these groups are matched on NSED but differ on perceived naturalness ratings, which allowed us to test for the independent effect of naturalness on topic selection.
Regression Analysis
The same mixed logistic regression analysis was conducted as in Study 1.
Results
As in Study 1, we ran logistic regression models predicting the selection of the "Spiritual & Life Journey" and the "Nature" topics. Naturalness was the independent variable and subject was a random intercept. For both topics, naturalness had a significant effect, in the predicted VISUAL FEATURES AND THOUGHT CONTENT direction (see Table 2 ). For the topic "Nature", naturalness had a significant positive effect.
Participants were 3.7 times more likely to choose the "Nature" topic for images with high rated naturalness (OR 95% CI [3.1, 4.6]). Naturalness also had a significant effect for the "Spiritual & Life Journey" topic, whereby participants were 2.4 less likely to choose "Spiritual & Life
Journey" for images with high naturalness (OR 95% CI [2.0, 3.0]). Note. Δ AIC and X 2 values are based on comparison of full model to null model with grand mean and random intercepts for subjects as predictors (DV ~ 1 + (1|Subject))
Discussion
This study found a significant relationship between viewing low-level visual features, in the absence of overt semantic content, on expressed thoughts. We found that participants think more about nature topics for images previously rated as highly natural (but that contain no overt nature content). More interestingly, we also found that participants think more about topics related to Spirituality & Life Journey for images with high NSED (compared to low NSED), even when there is not overt semantic content. Participants also think less about this same topic This might be an effect due to the lack of other semantic information, and perhaps perceived naturalness becoming a more salient cue. Supporting this idea, the Nature topic in Study 2 was the most chosen topic overall, whereas in the original study it was the third most chosen.
This study adds to the body of work showing that viewing features of different environments can influence behavior and cognition (Kotabe et al., 2016; Kuo & Sullivan, 2001 ).
Additionally, it provides evidence that low-level visual features, and the information that those visual features convey, could be a mechanism for this influence . The naturalness information that remains in images containing only edges seems to be sufficient to induce thoughts about nature. Likewise, isolated edges also retain their influence on thoughts about spirituality. To further investigate this mechanism, future work could examine free response thoughts to these images, as well as how other low-level features in isolation influence other thought topics.
There are several limitations to this study. The first is that we could not investigate the interactions between naturalness and NSED, as based on the naturalness ratings of our scrambled stimuli, these features were no longer uncorrelated. Given that these features are often correlated in real-world stimuli, and that NSED is almost necessarily used to judge naturalness when edges are the only feature remaining in an image, it may be difficult to create a set of scrambled-edge 14 VISUAL FEATURES AND THOUGHT CONTENT stimuli where NSED and perceived naturalness are uncorrelated. Additionally, this was a forcedchoice task using topics from our original study (i.e., Schertz et al., 2018) . As mentioned above, free response tasks could be used to investigate the influence of these features on self-generated thoughts. Future research could also investigate how these isolated low-level visual features influence other cognitive effects observed due to different physical environments, such as the benefits seen in working memory after short exposures to pictures of nature (Berto, 2005) .
In conclusion, this study provides an important step in understanding the influence of perceiving low-level visual features on "higher-level" cognitive processes. We found that scrambled-edge images were consistently rated for perceived naturalness and that these ratings significantly correlated with the original images' naturalness ratings. We also found that these scrambled-edge stimuli maintained their influence on thought content in the absence of overt semantic information. Thus, the low-level visual features of an environment are important to consider when evaluating the cognitive influence of both natural and urban spaces.
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Study 1 Results Using Image Subset Matched for Naturalness
To ensure the statistical difference in naturalness ratings between 'high naturalness + high NSED' and 'high naturalness + low NSED' groups did not influence the results, we repeated the analysis for Study 1 on a subset of 17 images from each group which did not statistically differ in perceived naturalness. We removed the three highest rated images from the 'high naturalness + high NSED' group and the three lowest rated images from the 'high naturalness + low NSED' group. This created the largest subset of images that did not statistically differ in perceived naturalness (t = 1.5, p = .14). Images removed from analysis were: NL05, NL15, NL17, NH11, NH15, and NH19.
The resulting models are in accordance with the results found for the full set of images (comparing Table A1 to Table 1 ). Note. Δ AIC and X 2 values are based on comparison of full model to null model with grand mean and random intercepts for subjects as predictors (DV ~ 1 + (1|Subject))
